Abstract: The effects of tropical solar radiation on the motility of the cyanobacteria Anab~na variabilis, Oscillatoria tenuis and two strains of Phormidium uncinatum were studied inGha~a (4.30°N). The percentages of motile filaments were drastically reduced by unfiltered solar radiation. Covering the organisms with various long pass or band pass filters (:WG320, GG395 or UG5) revealed that the UV-B, UV-A and visible light components of the solar spectrum were all effecti~'e in impairingmotility in these organisms. Only partial recovery was observed and only after shbrt exposure times.
Introduction
Filamentous cyanobacteria, such as Anabaena variabilis, Oscillatoria tenuis and Phormidium uncinatum employ motility to optimize their positions in their microhabitat using a number of external factors of which light is the major factor for directing their search for a suitable niche for survival and growth. These organisms undergo gliding movements when in contact with a substratum. Some of the Oscillatoriaceae have been found to glide with velocities of up to 11 /.~m/s, rotating around their longitudinal axes [1, 2] . The
Correspondence to: D.-P. H~ider, Institut fiir Botanik und Pharmazeutische Biologie, Friedrich-Alexander Universit~it, Staudtstr. 5, D-8520 Erlangen, Germany. velocity depends on temperature, light conditions and the consistency of the substratum [3] . The mechanism of movement is not yet fully understood. Recent investigations suggest the involvement of slime secretion [4, 5] which produces a sheath in which the filament glides back and forth [6] , and surface undulations which are thought to bring about propulsion by operating against the slime sheath [7] [8] [9] [10] [11] .
The movement of these organisms has been found to be greatly affected by unfiltered solar radiation: The number of motile filaments in a population of Phormidium uncinatum decreased to zero within 35 min when exposed to unfiltered solar radiation [5] . In addition to its effects on photosynthesis, artificial UV-B radiation has also been found to drastically impair photoorientation 144 and motility in Phormidium even at low fluence rates [5, 12] . With the recent increase in ambient UV-B radiation as a result of stratospheric ozone depletion there is the concern that this stress factor for microorganisms may increase. The aim of this study was to evaluate the effects of strong tropical solar radiation on the motility of several filamentous gliding cyanobacteria and to evaluate the relative inhibition caused by the UV-B, the UV-A and the visible band. 
Materials and Methods

Organisms and culture conditions
Irradiation procedures
Well grown organisms were harvested and the long filaments were cut into shorter segments and suspended in a molten 0.3% agar at a temperature < 40°C. The samples were exposed to solar radiation between 11 a.m. and 2 p.m. local time on clear days between 9 September and 27 October at Cape Coast in Ghana, in West Africa. The average light intensity was 134 klx. The organisms were either exposed to unfiltered solar radiation or covered with WG320 or GG395 long pass filters or with a UV passing UG5 filter (all 3 mm, Schott and Gen., Mainz, Germany). The WG320 filter passes radiation above 320 nm, thus removing UV-B (280-315 nm); the GG395 filter passes radiation above 395 nm, thus effectively removing all UV (UV-B and UV-A = 315-400 nm) radiation. The UG5 filter passes radiation in the range between about 250 and 400 nm plus an additional transmittance above 700 nm; however its maximal transmittance is limited. Excessive heating of the 145 organisms was prevented by exposing them on ice chips separated by layers of parafilm which kept the temperature to about 22°C.
Determination of motility
Samples of the organism suspensions were used to prepare microscope slides sealed with vaseline. These slides were placed on the stage of a light microscope (Zeiss Standard, 2.5 x objective, Oberkochen, Germany), equiped with a CCD camera (LHD 0600, Philips, The Netherlands) and the movements of the filaments were recorded on a time-lapse VHS video recorder (HS-3600, Mitsubishi, Japan) which allowed time compression by a factor of up to 120. The recordings were analyzed frame by frame on a large video screen (FM100-20 CE, Blaupunkt, Germany) to determine the percentage of motile filaments.
Results
The motility of the organisms was determined by measuring the percentage of motile filaments before and after exposure to solar radiation without or with the optical filters described above for 5, 10, 15 or 30 min. After exposure of Phormidium uncinatum (Tiibingen) to unfiltered solar radiation, the motility of the organisms was reduced to zero within 10 min (Fig. 1A) . When the organisms were covered with the GG395 filter (which blocked ultraviolet radiation) the reduction in motility was slower, reaching zero after 15 min. The reduction in motility was more gradual when Recover the organisms were covered with the WG320 or UG5 filters, reaching zero only after 30 min exposure. Exposure of the Baikal strain of Phormidium uncinatum to unfiltered solar radiation also resuited in a drastic reduction in motility, reaching zero after 10 min. With the WG320 or GG395 filters the reduction in motility was more gradual, reaching zero after 30 min exposure (Fig. 1B) . With the UG5 filter only a slight reduction in motility occurred with irradiation. Even after 30 min irradiation 82.4% of the organisms were still motile.
Oscillatoria tenuis behaved similar as the Phormidium strains but when covered with the GG395 filter it lost its motility more gradually, a small percentage of the organisms being still motile after 30 min exposure, while 83.6% of the organisms were still motile after 30 min irradia- tion when covered with the UG5 filter (Fig. 1C) .
In Anabaena, organisms exposed to unfiltered solar radiation and those exposed under the WG320 filter showed a moderate reduction in motility, reaching zero after 30 min exposure ( Fig  1D) . A more gradual reduction in motility occurred in organisms covered with the GG395 and the UG5 filters. After irradiation the organisms were incubated in dim light in the laboratory and the percentage of motile filaments was measured after various time intervals to determine whether they were able to recover from the effects of the irradiation. While P. uncinatum (strain Tiibingen) exposed to unfiltered solar radiation for 10, 15 or 30 min continued to remain immotile, those exposed for 5 min remained motile for up to 4 h, but then lost motility ( Fig. 2A ). Organisms exposed for 30 min under the WG320 filter continued to remain iramotile, the samples exposed for shorter exposure times (5 and 10 min) showed a gradual decrease in motility while the sample irradiated for 15 min showed some initial recovery for the first 4 h, but motility declined again afterwards (Fig. 2B) . Similar effects were found in those preparations irradiated under the GG395 or UG5 filters (Fig. 2C,  D) . The motility of organisms exposed for 10 min under the UG5 filter continued to increase up to 24 h even though the percentage after 24 h was still lower than that at 0 h (Fig. 2D) .
Organisms of the Baikal strain of Phormidium uncinatum exposed to unfiltered solar radiation showed similar results as those of the Tiibingen strain (Fig. 3A) . Those organisms exposed under the WG320 filter for 15 or 30 min or under the GG395 filter for 30 min appeared to recover gradually from the irradiation effect whereas the other samples showed only an initial sign of recovery or remained motile for a limited period of time in order to show impared motility after 24 h (Fig. 3B, C) . For those organisms exposed under the UG5 filter only slight changes occurred in motility during the recovery period (Fig. 3D) .
Discussion
Most of the cyanobacteria studied so far have been found to be adapted to low irradiances and 147 are damaged or impaired by fluence rates exceeding a few percent of unfiltered solar radiation [17] . They seek protection from exposure to full sunlight by a number of light-dependent orientation strategies by which they actively move to habitats at low light intensities, as has been shown for Oscillatoria agaedhii [18] and Microcystis aeruginosa [19] . In the present work the percentages of motile filaments were greatly reduced by unfiltered solar radiation in all the organisms investigated. Removal of UV-B radiation (280-315 nm) by an appropriate long pass filter resulted in higher percentages in motility in most cases, showing that UV-B radiation at ambient levels, had a pronounced effect on the motility of the organisms. Irradiating the organisms under the GG395 filter resulted in further improvement in motility of most organisms indicating that the UV-A component (315-380 nm) also depresses motility of the organisms. The detrimental effect of UV radiation on motility was confirmed by the exposure under the UV passing UG5 filter. However, the limited transmission of this filter resulted in the fact that the less sensitive organisms, Phormidium uncinatum (strain Baikal) and Oscillatoria tenuis were not much affected by radiation passed through the UG5 filter. In addition, the inhibition of motility of cells exposed under the GG395 filter indicates that the intense visible light (134 klx--2680 /xE m -2 s -1) also had a strong negative effect on motility of the organisms. The deleterious effects of high fluence rates on microorganisms, both in the visible and in the UV range, have been well documented [20, 21] . Bright light has been shown to induce photobleaching of pigments, inhibition of photosynthesis and cell death [22] . Specific effects of UV-A radiation in microorganisms include mutation, lethality and inhibition of overall growth and specific enzymes. Reactive oxygen species often mediate the damage [21] . In cyanobacteria, UV-A-mediated inhibition of biosynthesis of both chlorophyll a and phycobilins has been shown for Anacystis nidulans [23] . UV-B radiation has also been shown to affect motility and photosynthetic pigments and to induce photobleaching very readily, especially in the accessory pigments, the phycobilins, and later the carotenoids, which serve
